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ABSTRACT

Ovarian aging underpins infertility, systemic morbidity, and mortality in women. Stromal fibrosis is
implicated in ovarian aging but has not been defined in the human ovary in situ. We integrated
shear wave elastography (SWE), extracellular matrix (ECM) neoepitope fingerprinting, and single-
cell RNA sequencing of follicular fluid aspirates within the same individual to comprehensively
profile ovarian fibrosis. In an age-stratified cohort (<33 and =37 years; N=32), age predicted
ovarian stiffness, while mean stiffness was independently associated with reduced oocyte yield
and follicular efficiency. ECM profiling revealed a dynamic fibrotic index favoring formation over
degradation products. Single-cell transcriptomics demonstrated an age-associated
fibroinflammatory stromal program enriched in pro-fibrotic pathways with stromal-immune
crosstalk. In a larger validation cohort (25-45 years; N=100), age was similarly associated with
ovarian stiffness. Thus, ovarian fibrosis is a quantifiable hallmark of human reproductive aging

and represents a robust potential non-invasive biomarker and target for therapeutic intervention.
INTRODUCTION

Ovarian aging represents the earliest and most clinically consequential manifestation of
biological aging in women, preceding dysfunction of most other organ systems by decades.
Reproductive aging is characterized by the progressive decline in oocyte quantity and quality,
directly increasing rates of infertility and miscarriage while driving global reliance on Assisted
Reproductive Technologies (ART)."2 Beyond reproduction, ovarian aging has profound systemic
consequences due to decreased follicular estrogen production contributing to bone loss,
cardiometabolic dysfunction, and neurocognitive decline.®* Earlier age of menopause is
independently associated with increased risk of osteoporosis®’, composite cardiovascular
disease®®, dementia'®, and all-cause mortality."” Notably, while human lifespan has increased
substantially over time, the age at menopause has remained relatively constant, prolonging the

duration of post-reproductive life and extending exposure to estrogen deficiency.* Given these



far-reaching clinical and societal implications, there is an urgent need to define the mechanisms

underlying ovarian aging to develop therapeutic strategies.

Fibrosis is a conserved hallmark of human aging—a process in which progressive
extracellular matrix (ECM) accumulation, crosslinking, and stiffening disrupts normal tissue
architecture, function, and drives systemic morbidity. This fibroinflammatory remodeling underlies
pathologic and age-associated functional decline in the kidney'?, liver'?, lung'4, and heart.’™¢ In
mice, the ovary also becomes fibro-inflammatory with age, characterized by altered immune cell
composition and fibroblast gene expression, excess collagen | and Ill deposition, loss of
hyaluronan, and broader matrisome dysregulation.’”-26 118202528 Thjs age-dependent stromal
fibrosis is associated with a quantifiable increase in ovarian tissue stiffness and has biological
consequences on follicle development and function, oocyte quality, and ovulation
capacity.'8:22:24.25.29-34 \Whijle age-associated ovarian fibrosis appears to be conserved in human,
this analysis has been primarily limited to histological analyses of fixed tissues which fails to
capture the complex biomechanical and molecular dynamics of this fibroproliferative

condition.18:23.26.35

This study fundamentally advances our mechanistic understanding of human ovarian
aging by using a multimodal approach to measure biomechanical and molecular indices of ovarian
fibrosis within the same individual in an age-stratified cohort undergoing planned fertility
preservation or assisted reproduction for non-infertile indications (£33 or 237 years old, N=32).
We first used transvaginal shear wave elastography (SWE), an ultrasound-based technology, to
quantify ovarian tissue stiffness in situ. We then performed ECM neoepitope fingerprinting to
detect specific matrix protein formation and degradation products that were released into follicular
fluid and serum, enabling a dynamic assessment of active ovarian and systemic ECM turnover,
respectively.*®3” Finally, single-cell RNA sequencing (scRNA-seq) was performed on follicular fluid

cellular aspirates collected during oocyte retrieval to characterize the cellular landscape and age-



related transcriptomic changes within the periovulatory ovarian microenvironment. We
demonstrate that human ovarian aging is defined by quantifiable biomechanical stiffening, pro-
fibrotic ECM remodeling across biological compartments, and fibro-inflammatory stromal
transcriptional interactions. Importantly, this ovarian stiffness was related to direct clinical
endpoints given that increased stiffness was associated with reduced oocyte yield and follicular
efficiency independent of age, anti-Mllerian Hormone (AMH), and body mass index (BMI) in the
context of ART. Furthermore, the age-dependent increase in human ovarian stiffness was
validated prospectively in an independent continuous age cohort (24—45 years old, N=100),
demonstrating the broad significance of these findings. Thus, ovarian fibrosis has high potential
for biomarker development and therapeutic targeting as a modifiable determinant of reproductive

longevity.

RESULTS

Human ovarian stiffness increases with age in situ

To define human ovarian fibrosis in situ, we developed an integrated multimodal pipeline
combining transvaginal SWE in the early follicular phase, cycle days 2-3, of the menstrual cycle
(in two independent but complementary cohorts), targeted ECM neoepitope profiling of paired
serum and follicular fluid, scRNA-seq of antral follicle cellular aspirates, and analysis of ART
outcomes (Fig. 1a). Cohort 1 was age-stratified into reproductively young (<33 years; n=16) and
reproductively old (=37 years; n=16) participants undergoing ART. To minimize confounding from
other infertility etiologies, the younger group was restricted to participants with non-female
infertility indications, while the older group included participants with non-female infertility

indications, diminished ovarian reserve, or unexplained infertility, the latter two being attributable



to ovarian aging (Cohort 1 Demographics; Supplementary Table 1). As expected, participants
in the reproductively young and old groups exhibited significant age-related differences in ovarian
reserve markers, including decreased AMH and antral follicle count (AFC) (Supplementary Table
1). There was also a significant difference in BMI between the two groups, with higher BMI in the
older cohort, underscoring the importance of controlling for BMI in multivariate analyses
(Supplementary Table 1). In Cohort 1 SWE was performed during the follicular phase of the
menstrual cycle (days 2-3) (Fig. 1a-ii). Serum and follicular fluid pooled from 3 dominant follicles
per ovary were collected at the time of oocyte retrieval. ECM neoepitope profiling was performed
on serum and follicular fluid from a subset of n=10 per group, and scRNA-seq was performed on
follicular fluid cellular aspirate from n=5 per group (Fig. 1a-iii). Cohort 2 was comprised of
participants across the reproductive age continuum (N=100; 24—-45 years) and were used to
prospectively validate the ovarian stiffness findings from Cohort 1, with SWE also performed on

days 2-3 of the menstrual cycle (right panel: Fig. 1a-i).

To assess ovarian stiffness, SWE measurements were acquired across a maximum of 12
overlapping, high-confidence regions of interest (~5 mm each) per ovary throughout the stroma,
yielding up to 24 stiffness values per participant (representative ovary; Supplementary Fig. 1).
From these measurements, we analyzed three complementary biomechanical parameters that
have demonstrated clinical relevance in non-reproductive medical contexts: mean stiffness
(average across all ROIs), maximum stiffness (highest ROI value), and elastic heterogeneity (EH)
(mean of the three highest values minus the mean of the three lowest), capturing the magnitude
and spatial distribution of ovarian stromal stiffness (Fig. 1a-ii).?®*? Ovarian stiffness
measurements ranged from 5.2 to 43.0 kPa in reproductively young participants and from 5.4 to
93.6 kPa in reproductive old. Intra-individual variability in stiffness measurements, assessed as
the standard deviation of repeated measurements per ovary, was greater in reproductively old

participants than reproductively young participants (median SD 3.8 vs. 7.3 kPa; Mann-Whitney U,



p = 0.003). This pattern persisted after normalizing for elevated mean stiffness in the older group
(coefficient of variation 32.0% vs. 37.0%; p = 0.05; Fig. 1b). All three parameters of ovarian
stiffness were consistently higher in the older group, including mean stiffness (13.3 £ 3.6 vs 18.8
+ 5.0 kPa, p <0.01), maximum stiffness (23.7 £ 9.2 vs 40.3 £ 19.3 kPa, p <0.01), and EH (13.6
7.2vs 24.4 +12.8 kPa, p <0.01) (Fig.1c-e). These data indicate that the human ovary becomes
stiffer wholistically with age and also exhibits areas of increased focal rigidity. After adjusting for
AMH levels, a hormone which is an indirect measure of follicle quantity and ovarian reserve, and
BMI, age =37 remained significantly associated with increased stiffness: mean (1 = 7.8,
p<0.001), maximum (B1 =21.6, p<0.01), and EH (B1 = 14.6, p<0.01) (Table 1).#**¢ Independent
of ovarian reserve and body composition, older age was associated with an ~8-22 kPa increase
in various stiffness parameters. BMI was modestly (~0.7 and 1.8 kPa, p<0.05) inversely

associated with mean stiffness and EH (Table 1).

Ovarian stiffness is inversely correlated with clinical outcomes in ART cycles

Because increased rigidity of the ovarian microenvironment can negatively impact follicle
development and egg quality in animal models, we next assessed whether increased human
ovarian stiffness would restrict oocyte yield and follicular efficiency (FORT and FOI) as the most
proximal clinical measures of follicle development in ART cycles. 822304748 Higher mean ovarian
stiffness was independently associated with reduced total and mature oocyte yield from ART
cycles (Table 2). Moreover, ovarian stiffness was inversely associated with parameters of follicular
efficiency after adjusting for age, AMH, and BMI (Table 2). Follicular output rate (FORT) is a
measure of follicle response to stimulation®®5" and is defined as the ratio of the number of pre-
ovulatory follicles (>16 mm) on the day of ovulation trigger injection relative to the baseline AFC
at the start of stimulation. This parameter exhibited a negative association with mean ovarian

stiffness (B1 = -2.84, p = 0.046). Follicular output index (FOI) is a measure of oocyte yield in



response to stimulation®?®3 and is calculated as the ratio of total oocytes retrieved relative to the
baseline AFC. This parameter also exhibited a negative association with mean ovarian stiffness
(B1 =-5.47, p = 0.03). The relationships between ovarian stiffness, age, and oocyte outcomes
during ART indicate that the biomechanical signature of ovarian aging captures an aspect of

ovarian function not fully explained by chronological age or circulating ovarian reserve markers.

ECM neoepitope profiling reveals a novel fibro-proliferative signature of ovarian aging

To determine whether the biomechanical stiffness of the ovary is reflective of fibrosis, we
investigated dynamic ovarian fibrotic remodeling across paired follicular fluid and serum,
representing ovarian and systemic biofluids, respectively. Because fibrosis reflects dysregulation
of both matrix formation and degradation, we applied ECM neoepitope profiling to capture this
dynamic remodeling process (Fig. 2a). This ELISA-based ProteinFingerprint™ technology
detects specific peptide fragments, termed neoepitopes, that are released into biofluids during
enzymatic cleavage of collagens and proteoglycans (matrix degradation), alongside pro-peptides
shed during procollagen processing (matrix formation), thereby simultaneously quantifying active
ECM turnover.> Participant demographics of the subset of Cohort 1 used for ECM neoepitope
profiling (n= 20 total) were representative of the entire cohort (n=32 total) (Fig. 2b). We developed
a custom panel of 11 neoepitopes based on proteins that have been implicated in the aging ovary
(Nordic Bioscience A/S, Herlev, Denmark; Supplementary Table 3).3>%5° Qverall, we observed
an enrichment of collagen formation epitopes relative to degradation epitopes in both serum and
follicular fluid, with PRO-C8 (collagen VI, Vastatin) exhibiting the largest age-related increase in
fold change in follicular fluid (1.8-fold) (Fig. 2¢). PRO-C8 and C6M (MMP-degraded collagen VI)
were the neoepitopes with the most pronounced age-related differences (Fig. 2d and
Supplementary Fig. 2). Mean PRO-C8 levels in follicular fluid (0.4+0.3 vs 0.7£0.5 ng/mL, p=

0.16) trended higher in the older group indicating increased collagen VIII formation with age (Top



panel; Fig. 2d). In contrast, follicular fluid C6M was significantly lower in the older group (8.4+1.2
vs 7.2+1.1 ng/mL, p= 0.03) indicating reduced collagen VI degradation with age (Bottom panel;
Fig. 2d). Intraindividual neoepitope levels in the follicular fluid directly correlated to levels in the
serum (Fig. 2e). Together these findings are reflective of a net fibroproliferative ovarian milieu

with age.

Ovarian stromal cells orchestrate a fibroinflammatory transcriptional program with

reproductive aging

To resolve the molecular phenotype of human ovarian aging at the single-cell level, we
performed single cell RNA sequencing of follicular fluid cellular aspirates collected during oocyte
retrieval in a subset of 5 reproductively young (30.2 + 2.2 years old) and 5 reproductively old (41.0
1 2.0 years old) participants from Cohort 1 that had similar demographic and ovarian stiffness
parameters to the broader cohort (Fig. 3a, 3b). Unsupervised clustering identified twelve distinct
cell populations that were identified based on established marker genes®’-%? (Fig. 3c, 3d). The
predominant cell types in both age groups were immune cells (neutrophils, macrophages, and T
cell lineages) and granulosa and granulosa/theca cells, consistent with the cell source of
periovulatory follicles following gonadotropin stimulation (Fig. 3e). Overall cellular composition
was similar between groups, but aspirates from reproductively young participants contained a
higher mean proportion of stromal cells (Fig. 3e), which may reflect a relative increase in size of

the fibrotic stromal tissue in older ovaries.

Differentially expressed genes (DEGs) were identified across all twelve clusters in
reproductively old compared to young participants. The proportion of DEGs (adjusted p-value
<0.0001) per genes tested ranged from 50.7% in granulosa cells to <5% in stromal and small

lymphoid clusters (Fig. 3f). Notably the fold change of age-associated DEGs was highest in



stromal cells compared to all other populations (mean [log2FC| = 2.5). Thus, stromal cells exhibit
the most transcriptionally robust response associated with reproductive aging among all ovarian
cell populations.  Collectively, these data demonstrate that within the follicular fluid
microenvironment, reproductive aging is accompanied by transcriptional remodeling that is
disproportionately concentrated in stromal cells, occurring largely independent of shifts in cellular

composition.

To further elucidate the cell types driving changes in ECM function and fibrosis, we
analyzed a curated subset of fibroinflammatory genes across cell clusters. This gene list was
derived from published transcriptomic and proteomic studies of ovarian aging and fibrotic disease
in other organs, selecting genes with established roles in ECM remodeling, collagen regulation,
cellular senescence, and inflammatory signaling.'819.286163-68 These genes were most
differentially expressed in the stromal cluster with age relative to the macrophage, granulosa, and
granulosa/theca clusters (Fig 4a). These results were further supported by unbiased analysis of
the top 50 DEGs in stromal cells which revealed an age-associated upregulation of genes
reflecting a fibrotic (Bnc2, Fn1, Has1) and contractile (Myl9, Tom1, Cldn1) stromal phenotype
alongside loss of epithelial cell adhesion programs (Pcdh7, Ehf, Fig. 4b). Gene Ontology (GO)
pathway analysis of upregulated stromal DEGs identified enrichment of core matrisome genes,
mesenchymal cell-cell adhesion, and ECM and tissue structure organization (Fig. 4c).
Downregulated DEGs were enriched for pathways reflecting loss of cell identity (developmental
cell lineages, epithelial cell differentiation, mucin O-glycosylation), mucosal innate immunity
(acute-phase response, IL-17 signaling), and nuclear-receptor-mediated steroid hormone
signaling, consistent with a shift away from tissue maintenance and homeostatic functions in the
aged ovarian stroma (Supplementary Fig. 3). The fraction of ECM-related pathways was
consistently enriched in stromal cells from reproductively old women across multiple analytical

tools (Fig. 4d). Many of the genes driving these pathways that exhibited increased expression



with age are key regulators of ECM fibrotic remodeling (Col8a1, Serpine1) and contraction
(Myh10), pro-fibrotic fibroblast activation (Igfbp5, Pdgfd), and inflammation (//18; Fig. 4e). Of note,
the increased expression of Col8a1 with age is consistent with the increase in PRO-C8 fragments
observed in ECM-fingerprinting analysis (Fig. 4e; Fig. 2d). Collectively, these findings establish
ovarian stromal cells as the primary drivers of fibroinflammatory transcriptional remodeling with
reproductive aging, providing a molecular basis for the biomechanical stiffening detected by SWE

in this cohort.

Reproductive aging remodels intercellular communication toward a stromal-driven

fibroinflammatory signaling network

Building on the identification of stromal cells as the primary drivers of age-related
fibroinflammatory signatures, we applied CellChat to the scRNA-seq dataset to interrogate how
reproductive aging reshapes intercellular communication within the ovarian microenvironment.
First, we quantified the relative contribution of each cell type to the overall communication
network, which revealed that stromal cells were the only cell type whose relative signaling
contribution increased with age (Fig. 5a). Visualization of global communication networks
centered on stromal-derived interactions highlighted that, while stromal cells engaged most cell
populations in both age groups, interaction strength was markedly and selectively amplified
toward immune clusters with age, indicating an enhanced stromal-to-immune signaling axis (Fig.

5b).

We classified the signaling pathways identified between cell types into three general
categories: cell-cell contact, ECM-receptor interactions, and secreted signaling (Fig. 5¢). ECM-
associated pathways accounted for a large fraction of the total network, prompting us to look

further into the specific signaling programs that drive this category. Analysis of outgoing signals
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in the reproductively old group revealed three distinct patterns across all identified cell types (Fig.
5d). Patterns 1 and 3 largely involved immune signaling pathways and immune cell populations
(Fig. 5d). Pattern 2 was predominantly comprised of ECM and structural pathways and was
associated with stromal cells, suggesting that the aged stroma tends to be more engaged sending
out signals related to matrix-driven pathways (Fig. 5d). Consistent with this, comparison of the
relative amount of signal coming from each age group among the top pathways revealed an aging-
associated predominance of ECM-related pathways, including PDGF, COLLAGEN, and LAMININ
(Fig. 5e). These data suggest that the aging stroma predominantly sends out signals related to

ECM and these signals are largely unique to the reproductively old group.

The age-related shift towards ECM pathways was further validated by pathway specific
network visualization of key ECM signaling pathways. The stroma was the major source of
signaling for LAMININ and FN1 pathways which are ECM components that mediate cell adhesion
and matrix organization. Although aggregate FN1 communication appeared comparable between
age groups (Fig. 5e), this balance was driven by granulosa cell signaling in the young group. Cell-
type-specific analysis revealed that stromal FN1 signaling was exclusive to the old group and
completely absent in young stroma (Fig. 5f). The stroma also showed robust downstream
LAMININ and FN1 signaling towards various immune cell types, including macrophages,
monocytes, dendritic cells and lymphocytes (left panel; Fig. 5f). These stromal-borne immune
interactions were significantly diminished or absent in the young group. In addition, ligand-
receptor analysis demonstrated that the immune clusters predominantly expressed CD44 as the
receptor for both stromal-derived LAMININ and FN1 (Fig. 5g). Given CD44-mediated binding
toward ECM components is known to drive immune cell retention and inflammatory signaling®®,
our results suggest that stromal-immune interactions could play a role in chronic inflammation
and matrix remodeling within aged ovarian microenvironment. In addition, PDGF signaling was

detected specifically in the aged group with granulosa/theca cells signaling to stroma via PDGFRA
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(Fig. 5f-g). PDGF signaling activates MAPK and NF-kB pathways, while also inducing collagen
production and matrix remodeling.”® Together, these data suggest a coordinated mechanism
wherein ECM signaling retains immune cells within the stroma, while PDGF signaling drives
fibrosis, establishing a pro-inflammatory and fibrotic ovarian microenvironment with reproductive

age.

Stiffness is a validated marker of ovarian aging independent of ovarian reserve

The corroboration of our biomechanical findings with molecular signatures suggests that
ovarian stiffness reflects age-related fibroinflammatory remodeling. We thus sought to validate
this relationship in a larger, prospectively enrolled cohort spanning a continuous age range and
representing the broader clinical population seeking fertility care (Cohort 2, Fig. 1a-i). SWE was
performed prospectively on 100 participants across reproductive age seeking fertility preservation
or infertility treatment (Fig. 1a-i). Participants ranged from 24 to 45 years old (mean 35.1 £ 4.0)
and data were collected for BMI, FSH, AMH, AFC, ovarian volume, ultrasound probe distance,
and number of SWE measurements for each participant (Supplementary Fig. 4a). Participants
in this study were predominantly non-Hispanic white women, reflecting the overall patient
demographics in our fertility clinic (Supplementary Fig. 4b). Of the participants in the study, 57%
were presumed fertile (seeking treatment for elective fertility preservation, male factor infertility,
or another non-infertile reason) and 43% were infertile (uterine factor, diminished ovarian reserve,
recurrent pregnancy loss, multiple factors, or unexplained infertility; Supplementary Fig. 4c).
This cohort also exhibited positive correlations between age and FSH as well as negative
correlations between age and both AMH and AFC (Supplementary Fig. 4d-f). These
relationships are expected and demonstrate that our study subjects were broadly representative
of the general population in terms of well characterized changes to the ovarian reserve. Presumed

fertile and infertile individuals had overall similar clinical characteristics except for age being
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significantly higher (p = 0.03) in the infertile population, which reflects the expected impact of age

on fertility (Supplementary Table 2).

To evaluate the relationship between age and ovarian stiffness parameters in this larger
prospective cohort across a continuous spectrum of reproductive age, we performed a
multivariable linear regression analysis. We analyzed the association of ovarian stiffness
parameters with age when controlled for ovarian reserve (AMH and FSH), ovarian volume, BMI,
and fertility status (Table 3). Age demonstrated a significant positive association with mean
ovarian stiffness (B1 = 0.33; p = 0.03), elastic heterogeneity (B1 = 0.75; p = 0.01), and maximum
stiffness (31 = 0.93, p = 0.04, Table 3). Together, these multivariable analyses establish that the
association between age and ovarian stiffness parameters persists independent of ovarian
reserve, volume, BMI, and fertility status. Thus, mean ovarian stiffness, elastic heterogeneity,
and maximum stiffness are distinct biomechanical indicators of ovarian aging. In addition, the
strong association between ovarian stiffness and age persists in a larger, less tightly controlled
cohort, suggesting broader applicability on a population-level and establishing fibrosis as a

hallmark of human ovarian aging.

DISCUSSION

Ovarian fibrosis has emerged as a central feature of reproductive aging in animal models,
but the human ovary has remained largely inaccessible to direct mechanistic interrogation,
preventing the translation of compelling preclinical fibrosis biology into human reproductive
medicine. 182633497172 By integrating transvaginal SWE, ECM neoepitope profiling, and single-
cell transcriptomics within the same individuals, this study provides the first multimodal analysis

of ovarian fibrosis in the human ovary in situ. We establish that human reproductive aging is
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accompanied by quantifiable ovarian stromal stiffening coupled to coordinated ECM remodeling,

fibrotic stromal reprogramming, and increased stromal-immune crosstalk.

In our two-cohort design, age exerts an independent effect on ovarian stiffness, indicating
that ovarian stiffness represents a stromal biomarker of the aging ovarian microenvironment not
captured by conventional ovarian reserve markers that largely evaluate egg quantity, such as
AMH or AFC. While BMI was modestly inversely associated with ovarian stiffness in Cohort 1, this
relationship was not observed in the larger Cohort 2, suggesting that BMI is not a robust
independent determinant of ovarian mechanical properties. Our observations strongly support
prior animal and ex vivo studies that the ovary becomes biomechanically stiffer with age.
Increased deposition of collagen matrices and hyaluronan depletion in aged mouse and fixed
human ovary stroma have been directly associated with a quantifiably stiffer tissue.'®2%22 EH
emerged as one of the strongest age-associated ovarian stiffness parameters across both cohorts
in our study, suggesting that focal spatial variability in stromal architecture is a key biomechanical
feature of ovarian aging. This observation aligns closely with prior histologic studies describing
collagen-rich fibrotic foci throughout the aging ovarian stroma rather than uniform matrix
deposition.'®202325 Notably, increased ovarian stiffness independent of age was also associated
with diminished ovarian responsiveness to hormonal stimulation during assisted reproduction,
reduced numbers of follicles maturing to the ovulatory stage (lower FORT), and lower oocyte yield
from antral follicles (lower FOI). These data corroborate in vivo animal and in vitro follicle growth
studies where increased matrix stiffness impairs folliculogenesis and leads to dysfunctional
ovulation with increased retained oocytes.???° Although additional outcome data such as euploidy
incidence and live birth rates are needed, these findings support stromal stiffness as a functional

determinant of ovarian competence rather than simply an epiphenomenon of aging.

Our study provides the first application of ECM neoepitope profiling to reproductive aging.

Whereas prior ovarian fibrosis studies have relied predominantly on static histologic
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measurements, ECM neoepitope analysis provides dynamic insights into fibroproliferation and
revealed evidence of disrupted matrix homeostasis with aging. Across paired serum and follicular
fluid, reproductive aging was characterized by a coordinated shift toward matrix accumulation
primarily attributable to collagen VIII formation and reduced collagen VI degradation. Among all
analytes, PRO-C8 demonstrated the most pronounced age-associated enrichment, suggesting
collagen VIII remodeling as a central feature of ovarian fibroinflammaging. Collagen VIII is
recognized as an injury-associated matrix component implicated in vascular remodeling, fibrosis,
and tissue stiffening in cardiovascular, renal, and pulmonary disease.5*737® Unlike fibrillar
collagens that primarily provide structural bulk to the ECM, collagen VIl is stress-responsive and
participates in matrix organization, endothelial stability, fibroblast activation, and TGF-B—
associated remodeling”>"47® PRO-C8 targets the vastatin domain, which is the C-terminal NC1
fragment of the collagen VIl a1 chain. Serum vastatin correlates significantly with age in healthy
individuals of mixed sex.”® The parallel upregulation of stromal Col8a71 expression in
reproductively older ovaries provides transcriptomic validation of our proteomic findings and
identifies collagen VIII as a candidate mediator of age-associated ovarian fibrosis. In contrast,
lower follicular fluid C6M with reproductive age further suggests reduced collagen VI turnover and
progressive matrix accumulation. Dysregulated collagen VI remodeling has emerged as a central
feature of organ fibrosis®’#' and circulating endotrophin (PRO-C6) independently predicts a 2-fold
increase in all-cause mortality.®® Together, these findings suggest that ovarian aging is
characterized not simply by collagen accumulation, but by broader disruption of ECM
homeostasis favoring matrix persistence and tissue stiffening. The intraindividual concordance
between serum and follicular fluid neoepitope profiles suggests that circulating ECM biomarkers
may capture biologically meaningful remodeling within the ovarian microenvironment. If replicated
in larger cohort studies, this highlights ovarian fibrosis could ultimately be monitored using
minimally invasive circulating ECM neoepitope biomarkers, analogous to emerging fibrosis

frameworks in hepatic®82, renal®®84 and cardiovascular pathologic aging.3®
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Single-cell transcriptomics of follicular fluid aspirates revealed that stromal cells are the
dominant drivers of ovarian fibroinflammaging. The highest upregulated genes in the stroma of
reproductively old participants have established roles in fibrosis, cellular senescence, and chronic
inflammatory remodeling across aging tissue and fibrotic diseases. Fn1 serves as a foundational
scaffold for fibrotic ECM assembly, that enhances recruitment of latent TGF-3-binding protein-1
to the fibroblast matrix® and drives profibrotic fibroblast activation via integrin a5p1-mediated
mechanotransduction.®®®” Serpine1 mediates TGF-B1-induced cellular senescence and SASP-
driven macrophage activation® while Igfbp5 propagates senescence through paracrine signaling
and ROS production.® Lastly, Pdgfd drives fibroblast proliferation and collagen secretion via TGF-
B1 positive feedback in numerous fibrotic diseases’®°%°1, with its knockout attenuating fibrosis in
injury models.®?> Aging amplified stromal-to-immune communication and shifted signaling
architecture toward ECM-dominant pathways including FN1, LAMININ, COLLAGEN, and PDGF
signaling, consistent with proteomic analyses demonstrating coordinated upregulation of ECM
remodeling and immune response pathways in the aging mouse ovary'. The prominence of
CD44-mediated stromal-immune interactions is particularly compelling as CD44 mediates TGF-
B activation through MMP-dependent mechanisms, promotes fibroblast migration, immune
retention, chronic inflammation, and drives myeloid-derived suppressor cell induction.®®°3% The
observation that fibroinflammatory pathways predominate despite the overall small sample size
of patients used for single-cell sequencing suggests that this finding is robust. These senescence-
and fibrosis-associated programs within the aged ovarian stroma suggest that the ovary
undergoes fibroinflammatory remodeling similar to fibrosis in other organs and lays the foundation

for therapeutic targeting.

Collectively, our data position ovarian fibrosis not as a byproduct of reproductive aging,
but as a central and measurable biological process linked to deteriorating ovarian function. These

findings have substantial translational implications. Anti-fibrotic strategies have recently emerged
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as promising interventions for ovarian aging that improve follicular function in preclinical models
through collagen depletion approaches?*, metformin-mediated immune mediation?®, modulating
inflammatory pathways*®, targeting metabolic homeostasis®>, and systemic anti-fibrotic
therapies.?>%® However, real-world translation has been constrained by the inability to
demonstrate that age-related ovarian stiffening is a robust phenotype in humans due to the
absence of non-invasive tools capable of monitoring human ovarian fibrosis longitudinally in vivo.
Our findings conclusively demonstrate this phenotype in humans for the first time and support
transvaginal SWE as a novel and clinically tractable platform to fill this gap. By enabling direct
assessment of ovarian biomechanical properties across the reproductive lifespan, SWE may
provide both a mechanistic biomarker of ovarian aging and a quantitative endpoint for future anti-
fibrotic clinical trials in women for ovarian aging. Future longitudinal studies may continue to
identify additional value of ovarian stiffness measurements, including possible relationships with

live birth outcomes or menopause timing.

In summary, this study is the first to integrate biomechanical, paired serum and follicular
fluid proteomic, and transcriptomic profiling within the same individuals to provide unique
characterization of human ovarian fibroinflammaging. This study establishes ovarian fibrosis as a
reproducible, measurable hallmark of human reproductive aging and identifies stromal
fibroinflammatory remodeling as a central biological feature of ovarian decline. Through
multimodal integration of biomechanics, ECM fingerprinting, and single-cell transcriptomics, we
define a translational framework for minimally invasive detection of ovarian aging and provide
mechanistic support for targeting fibrosis as a potentially modifiable determinant of human

reproductive longevity.
METHODS

Study design and ethical approval
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This study employed a prospective, multimodal design to characterize biomechanical,
molecular, and transcriptomic features of human ovarian aging across two independent cohorts
enrolled at a single academic fertility center, Northwestern Medicine Center for Fertility and
Reproductive Medicine (Fig. 1a). All participants provided written informed consent. Study
protocols were approved by the institutional review board (IRB); Cohort 1 (STU00222297) and

Cohort 2 (STU00218882).

Cohort 1 — Age stratified cohort

Cohort 1 comprised of participants undergoing planned fertility preservation or in vitro
fertilization (IVF), stratified into two discrete reproductive age groups: Reproductively Young (age
<33 years) and Reproductively Old (age 237 years) (Fig. 1a). Cohort 1 participants were recruited
based on strict criteria designed to isolate the effects of ovarian aging while minimizing potential
confounding from systemic and ovarian pathologies. The reproductively young group (age <33
years) was restricted to individuals undergoing planned fertility preservation or IVF treatment due
to male-factor infertility or a same-sex female relationship. The reproductively old group (age =37
years) also included infertility diagnoses of diminished ovarian reserve (DOR) or unexplained
infertility. In the latter “unexplained” subgroup, a comprehensive evaluation, including assessment
of ovarian reserve, tubal patency, uterine cavity, and semen parameters, was normal, thereby
supporting ovarian aging as the primary underlying etiology. We excluded diagnoses that may
independently impact the ovary including ovulatory dysfunction, polycystic ovarian syndrome
(PCOS), endometriosis, diabetes mellitus, active or prior malignancy, or autoimmune disease.
Body mass index (BMI) was restricted to 19 to 30 kg/m?, and participants with a history of ovarian
surgery, tobacco or substance use, or a prior oocyte retrieval within the preceding 12 months were
also ineligible. Given the potential for exogenous hormones to alter the ovarian microenvironment,
we also excluded participants on long-term systemic hormonal contraception or ovarian

stimulation protocols requiring estrogen priming or oral contraceptive pretreatment for more than
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21 days. All study participants underwent ovarian stimulation with either GhnRH antagonist or

microdose GnRH agonist flare protocol.

All participants underwent early follicular phase (cycle day 2-3) transvaginal ultrasound
with SWE and concurrent serum collection at the start of ovarian stimulation (Fig. 1b). Antral
follicle count (AFC), total ovarian volume, ultrasound probe distance (average distance of probe-
to- ovary) and baseline hormonal labs were obtained on the same day as SWE. Most recent anti-
mullerian hormone (AMH) and follicle stimulating hormone (FSH) were also recorded. At the time
of oocyte retrieval, otherwise discarded follicular aspirate was collected from three dominant
follicles per ovary. A subset of Cohort 1 participants underwent ECM fingerprinting of follicular
fluid and matched serum, as well as single-cell RNA sequencing (scRNA-seq) of follicular fluid

(Fig 1c).

Participant demographic data and ART cycle details including total gonadotropin dose
were recorded. The primary stimulation response outcomes were total number of oocytes
retrieved, total number of mature (metaphase II; MIl) oocytes, and maturation rate (Mll/total
oocytes). Two composite ART performance indices were calculated: 1) the follicular output rate
(FORT), defined as the ratio of follicles measuring = 15mm on day of trigger to the total AFC at
start of stimulation, and 2) the follicle-to-oocyte index (FOI), defined as the ratio of total oocytes

retrieved to the total AFC.%798

Cohort 2 — Continuous age-distributed cohort

Cohort 2 was designed to validate and extend the biomechanical findings from Cohort 1
by examining the relationship between continuous chronological age and ovarian stiffness in a
larger, real-world clinical population across the reproductive lifespan. This cohort included
individuals aged 24 to 45 years presenting for diagnostic evaluation prior to fertility treatment over

an 18-month period (Fig. 1a). Participants were excluded if they had undergone oocyte retrieval
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within the preceding 12 months or had conditions known to independently alter ovarian stiffness,
including dermoid cysts, endometriomas, or PCOS. All participants underwent early follicular
phase (cycle days 2-3) transvaginal ultrasound with SWE during their initial diagnostic evaluation.
Ultrasound probe-to-ovary distance measurement and AFC was also collected at the same time.
Participants were included in the analysis if at least three SWE measurements were obtained
within high-confidence regions of a single ovary. Cohort 2 participants were distinct from those

enrolled in Cohort 1.

Demographic and clinical data was also collected for each participant, including age, BMI,
AMH and FSH levels, antral follicle count (AFC), ovarian volume, fertility diagnosis, race, and
ethnicity. Participants were categorized as “presumed fertile” or “infertile” based on their clinical
history and reasons for seeking fertility counseling. Presumed fertile patients were seeking fertility
counseling either for planned fertility preservation, male infertility, or another non-infertile reason
(such as same-sex couples). Patients seeking treatment for infertility were categorized based on

the Society for Assisted Reproductive Technologies (SART) criteria.®®

Transvaginal 2D Ultrasound with Shear Wave Elastography

Participants underwent transvaginal ultrasonography using a GE Logic Fortis HDU
ultrasound device (SN LFO301952, GE HealthCare) with a 2D transvaginal probe (IC5-9-D; SN
1278929WX3, frequency range: 7-9 MHz) (Fig.1b). For Cohort 1, all ultrasound examinations
were performed by a single sonographer to ensure measurement consistency at the baseline visit
for ovarian stimulation. In the larger Cohort 2, scans were conducted by a team of five
sonographers with expertise in gynecologic ultrasonography at time of diagnostic ultrasound
during initial fertility evaluation at our clinic. Least possible compression was applied intravaginally

such that the ultrasound probe was within 2 cm of depth of the ovary. Up to twelve SWE frames
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in a 5 mm region of interest (ROI) were acquired in high-confidence regions in each ovary, as
determined by a color-coded confidence map (Supplementary Fig. 1). High confidence regions
typically consist of areas devoid of fluid-filled follicles and any other ovarian pathology. The
procedure was completed for both ovaries whenever possible. Any measurements taken in ROls
that included low-confidence areas were excluded from analysis. Multiple stiffness parameters
were extracted for analysis. For each individual, all measurements taken across both ovaries
were grouped together to calculate the average stiffness (reported as mean stiffness) and to
identify the single measurement with the highest stiffness value (reported as maximum stiffness).
We also quantified heterogeneity of the measurements in each participant using elastic
heterogeneity as a measurement, which is calculated as the average of the highest three stiffness
values minus the average of the lowest three stiffness values (Fig. 1b).3® Elastic heterogeneity
has been previously reported to improve diagnostic performance of SWE for identification of

malignant breast lesions.®

Follicular Fluid and serum collection

For Cohort 1, follicular fluid and serum were collected from 20 participants per age group
for ECM fingerprinting. In a subset, follicular fluid from 5 participants per age group was
additionally processed for single cell RNA sequencing (scRNAseq) (Fig. 1¢). Controlled ovarian
stimulation was performed using either a GnRH antagonist or microdose GnRH agonist flare
protocol at the discretion of the treating physician. Final oocyte maturation was triggered with
GnRH agonist, human chorionic gonadotropin (hCG), or a combination of both. Follicular fluid
and cellular aspirates were collected from three dominant follicles (=18mm) per ovary at the time
of transvaginal oocyte retrieval. Samples were centrifuged at 500 x g for 10 minutes at 4°C. Cell
pellets were isolated for scRNA-seq processing, and protease inhibitor (1:100 from 100x stock;

Thermo Fisher Cat. No. 87786) was added to the supernatants immediately after centrifugation
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before aliquoting and storage at —80°C for ECM neoepitope profiling. Matched serum samples
were collected on the same morning as the SWE visit and processed within 2 hours of collection.

Serum was centrifuged at 1,000 x g for 15 minutes, aliquoted, and stored at —80°C.

Extracellular matrix fingerprinting

To quantify ECM remodeling associated with fibrosis and fibrolysis, a panel of circulating
and follicular fluid ECM neoepitope biomarkers was measured in 20 participants per age group
from Cohort 1. Follicular fluid from the right and left ovaries was pooled prior to analysis. In total,
11 biomarkers of ECM degradation, and ECM formation were measured (Fig 2a). Seven markers
related to ECM degradation: type I, Ill, and IV, VI collagen degradation (nordicC1M™,
nordicC3M™, nordicC4M™, nordicCAN™, nordicC6M™, respectively), MMP-degraded mimecan
(nordicMIM™) and MMP-degraded biglycan (nordicBGM™). Four markers related to ECM
formation: type |, lll, type VI and VIII collagen (nordicPRO-C1™, nordicPRO-C3™, nordicPRO-
C6™, and nordicPRO-C8™, respectively). All biomarkers were evaluated by ELISA
measurements and quantified according to the manufacturer’s instructions (Nordic Bioscience
A/S, Herlev, Denmark; Supplementary Table 3). Each ELISA plate included samples from each
of the different age groups in duplicates. Samples were re-assayed if the coefficient of variation

(CV) between the duplicates was higher than 15%.

Log, fold-change heatmaps were generated as log,(mean Old / mean Young) to visualize
the magnitude and direction of age-associated differences of each neoepitope across
compartments. Intra-individual correlations between serum and follicular fluid levels were

assessed for each biomarker.

Single cell isolation from follicular aspirates
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Single-cell suspensions were generated from fresh follicular fluid as previously described
by our group.'® Briefly, pooled right and left ovary follicular aspirates were processed within 2—3
hours of oocyte retrieval and subjected to sequential centrifugation and wash steps. Cell pellets
were enzymatically dissociated using dispase and DNase |, followed by trypsin digestion, and
filtered through 100 ym and 40 pm strainers to obtain a single-cell suspension. Red blood cells
were removed using ACK lysis buffer, and cells were washed and resuspended in PBS-based
buffer. Cell number and viability were assessed prior to sequencing; all samples had viability

>70% and cell concentrations within the optimal range (1x10° to 2x10° cells/mL).

Single cell RNA sequencing

Cell number and viability were analyzed using Nexcelom Cellometer Auto2000 with AOPI
fluorescent staining method. Sixteen thousand cells were loaded into the Chromium X Controller
(10X Genomics, PN-1000328) on a Chromium GEM-X Single cell 3’ Chip Kit v4 (10x Genomics,
PN-1000215) and processed to generate single cell gel beads in the emulsion (GEM) according
to the manufacturer’s protocol. The cDNA and library were generated using the GEM-X Single
cell 3’ Kit v4 (10x Genomics, PN-1000691) and Dual Index Kit TT Set A (10X Genomics, PN-
1000215) according to the manufacturer’s manual. Quality control for constructed library was
performed by Agilent Bioanalyzer High Sensitivity DNA kit (Agilent Technologies, 5067-4626) and
Qubit DNA HS assay kit for qualitative and quantitative analysis, respectively. The multiplexed
libraries were pooled and sequenced on lllumina Novaseq X Plus sequencer with 100 cycle kits
using the following read length: 28 bp Read1 for cell barcode and UMI, and 90 bp Read2 for

transcript.

Single cell RNA sequencing and analysis
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Raw sequencing data, in base call format (.bcl) was demultiplexed using Cell Ranger from
10x Genomics, converting the raw data into FASTQ format. Cell Ranger was also used for
alignment of the FASTQ files to the human reference genome (hg38) and count the number of
reads from each cell that align to each gene. The resulting matrix files which summarize the
alignment results were imported in Seurat (Satija Lab, NYGC) for further analysis. In Seurat,
each individual sample was preprocessed, normalized, and scaled using SCTransform. Each
sample was checked with quality control measures for the number of genes, counts, and percent
mitochondrial genes detected per cell, and these results were used to determine thresholds to
remove outlying cells. All samples were combined into a single dataset, adding appropriate
metadata to each sample. After integrating the samples, the cells were clustered using the Seurat
tools FindNeighbors, FindClusters, and RunUMAP using default parameters with the exception
of dims=12. Based on the results of FindClusters, we settled on a resolution of 0.2 for the rest of

the analysis.

Cell type identification

To assist in cell type determination, we used the Seurat FindAlIMarkers function based on
a Wilcox likelihood-ratio test with default parameters, and selected the genes expressed in more
than 25% of the cells in a cluster with an average log(fold change) value greater than 0.25 as
DEGs. For the cell type annotation of each cluster, we combined the expression of canonical
markers found in the DEGs between clusters with knowledge from the literature and displayed
the expression of markers for each cell type using a dot plot generated in R. We next compared
the average cell proportion per each cluster to the total average population in the reproductively

young (n=5) and reproductively old participants (n=5).
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Reproductive old versus young DEG and enrichment pathway analysis

Differential gene expression analyses were performed between reproductively old and
young samples, separately for cell type, using Seurat FindMakers with only.pos=FALSE,
logfc.threshold = 0, thresh.use = 0 and the default min.pct = 0.01. DEGs with adjusted p-value
< 0.0001 were classified into core matrisome (collagens, ECM glycoproteins, proteoglycans) and
matrisome-associated (ECM regulators, ECM-affiliated proteins, secreted factors) categories
using the Homo sapiens matrisome annotation in Matrisome AnalyzeR.%¢1%" Additional categories
of recognized genes involved in inflammaging and cellular senescence, and the TGF- pathway
were also identified.®*'%2 Gene Ontology (GO), Reactome, and KEGG analyses were performed
to explore unbiased functional enrichment of the significant age related DEGs with adjusted p-
value <0.0001.79%-16 Al pathway-related genes mentioned in this manuscript were obtained by
the combination of related terms from the GO databases.'%'% Heatmaps were generated using
GraphPad Prism 8.0. Volcano plots were generated in R. For visualization purposes, volcano
plots highlighted genes with an adjusted p-value < 0.0001 and |log,FC| = 1. Violin plots of

representative fibroinflammatory DEGs were created using GraphPad Prism 8.0.

Cell-cell communication analysis

Cell-cell communication analysis was performed using the CellChat R package (v.1.6.1)
on the scRNA-seq dataset'”’. Separate CellChat objects were generated for young and old
groups from the Seurat object. Communication probabilities were inferred based on known ligand-
receptor interactions and average gene expression within each cell type. The inferred
communication networks were used to compare overall interaction strength, the contribution of
different cell types, and signaling pathway activity between young and old groups. Signaling

pathways were further analyzed by comparing relative information flow and identifying outgoing
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communication patterns. Selected pathways, including LAMININ, FN1, and PDGF, were
examined at both the pathway and ligand-receptor levels. Cell interactions with a p-value < 0.05
were considered significant. All visualizations of cell-cell communication networks were generated

using functions implemented in CellChat.

Statistical analysis

All statistical analyses were completed using GraphPad Prism 10 and in consultation with
the Northwestern Biostatistics Collaboration Center. Measurements following a normal
distribution were reported as mean + standard deviation. Unpaired T-test and one-way ANOVA
were used to make comparisons between groups. Pearson’s correlation analysis was completed
between two variables and is reported as a correlation coefficient (r) and p-value. Multivariable
linear regressions were completed with stiffness parameters (mean stiffness, elastic
heterogeneity, or maximum stiffness) as dependent variables and age, ovarian volume, AMH
levels, FSH levels, BMI, and fertility status (categorized as presumed fertile or infertile) as
independent variables. AFC was excluded from the multivariable linear regression analysis due
to high levels of multicollinearity with AMH. Results were reported as the regression estimate,
95% confidence interval, and p-value for each variable. For all statistical analysis, significance

was set at P < 0.05.
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FIGURE AND TABLE LEGENDS

Fig 1. Human ovarian stiffness increases with reproductive age. a, i. Schematic of multimodal
study design (left) performed on age-stratified Cohort 1 and continuous age-distributed Cohort 2
(right), ii. Transvaginal shearwave elastography (SWE) performed in early follicular phase
(menstrual cycle day 2-3) for Cohort 1 and 2; representative SWE images of a confidence map
with corresponding color map of max stiffness (kPa) from reproductively young (29 years) and old
(42 years) participants from Cohort 1 (left). Three ovarian stiffness parameters derived per
participant (right). iii, Outline of molecular analyses performed in subset of Cohort 1 participants.
b, Individual SWE stromal stiffness measurements for all Cohort 1 participants plotted by age,
stratified into reproductively young (left, n=16) and reproductively old (right, n= 16) groups. Each
data point represents a single ROl measurement (n=24 measurements per participant); black
lines are mean £ SD. c-e, Bar graphs of mean stiffness (¢), maximum stiffness (d), and elastic
heterogeneity (e) between reproductively young versus old participants in Cohort 1; Bars

represent mean + SD. **p<0.01 by unpaired t-test.

Fig 2. ECM fingerprinting reveals disrupted matrix homeostasis in the aged ovarian
microenvironment. a, Diagram of dynamic nature of extracellular matrix (ECM) remodeling with
target formation and degradation neoepitopes. b, Demographics table of subset of Cohort 1
participants for ECM fingerprinting analysis, (n=10 young, n=10 old per group). Table values in
mean = SD, comparisons by unpaired t-test. ¢, Heatmap depicting log, fold change of mean
neoepitope levels in reproductively old relative to young participants across serum and follicular
fluid compartments. Values >0 indicate enrichment with age (red scale); values <0 indicate down
shift with age (blue scale). d, Comparison of select neoepitopes levels, PRO-C8 (top) and C6M
(bottom), by age group in follicular fluid and serum. Bar graphs represent mean + SD;

comparisons by unpaired t-test, *p <0.05. e, Scatter plot of intra-individual correlations of PRO-

40



C8 (top; positive, r= 0.56, *p= 0.01) and C6M (bottom; positive, r= 0.32, p= 0.06) in paired serum

and follicular fluid.

Fig 3. Single-cell transcriptomics of follicular fluid reveals widespread age-associated
transcriptional reprogramming. a, Schematic of single cell RNA sequencing (scRNA-seq)
workflow. b, Demographics table of subset of Cohort 1 participants for scRNA-seq analysis, (n=5
young and n=5 old participants). Table values are in mean + SD; group comparisons by unpaired
t-test ¢, UMAP plots of all cells from combined young and old participants (n=10 total participants;
total cells = 92,509) identifying twelve distinct populations. (d) Dot plot of canonical lineage marker
genes used for cluster annotation. Dot size indicates the percentage of cells expressing each
gene; color reflects scaled average expression (low to high reflected as blue to red). e, Stacked
bar plots reflecting proportional cellular composition per age group (left) and expanded view of
less abundant clusters (right). Error bars represent SEM. f, Bubble plot displaying percentage of
significant age-associated differentially expressed genes (DEGs) in old compared to young group
(adjusted p <0.0001) per cluster (x-axis), with bubble size representing mean absolute log2 fold
change and color indicating total cell number in the reproductively old group (scale low to high =

dark to light blue).

Fig 4. Aged ovarian stromal cells are enriched for fibroinflammatory and matrisome
transcriptional programs. a, Heatmap of log, fold change of gene expression in reproductively
old versus young participants for curated fibrosis, inflammaging, and ECM-regulatory genes
across macrophage (Mac), granulosa (Gr), granulosa/theca (Gr/Th), and stromal clusters (Str)
grouped by MatrisomeR category.'' b, Volcano plot of differentially expressed genes (DEGs) in

old versus young participant stromal cells (adjusted p <0.0001). Colored points indicate genes
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meeting |log.FC| =21.0 and adjusted p <0.0001 (Wilcoxon rank-sum with Bonferroni-correction)
with top 50 genes labeled; red = upregulated in old (n= 363 DEGs), blue = downregulated in old
(n= 225 DEGSs), gray = not significant. ¢, Top 20 enriched GO biological process terms among
upregulated stromal DEGs; bubble size represents gene count, color represents fold enrichment
(low to high = yellow to blue). d, Number of ECM-related versus non-ECM-related pathways
identified across KEGG, Reactome, and GO in young (top) versus old (bottom) stromal cells. e,
Violin plots of normalized expression in transcripts per million (TPM) for representative

fibroinflammatory DEGs in reproductively young and old stromal cells.

Fig. 5. Aging enhances stromal-immune interactions and ECM-associated signaling in the
ovarian microenvironment. a, The relative contribution of each cell type to the global cell-cell
communication network in young and old groups. b, Global communication networks illustrating
the strength of interactions between cell types in young and old populations. Edge thickness
represents interaction weight; arrows indicate the direction of communication, highlighting the
intensified stromal-to-immune axis in aging. ¢, Pie chart categorizing the identified signaling
pathways into cell-cell contact, ECM-receptor, and secreted signaling modules. d, Heatmap
showing the identification of three distinct signaling patterns. Pattern 2 represents the stromal-
specific ECM-driven program dominant in the aged ovary. e, Comparison of the relative
information flow (sum of communication probability) for significant signaling pathways between
young and old groups. f, Pathway specific network visualization of LAMININ, FN1 and PDGF
signaling in reproductively young (top) and old (bottom) groups. g, Bubble plot identifying specific
ligand-receptor pairs underlying selected pathways in the old group. Circle size represents the p-

value; color intensity indicates the communication probability.
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Supplementary Fig. 1. Representative images and stiffness measurements from one ovary
of an individual participant from Cohort 1. The image on the left for each measurement
represents the confidence map (CM) with yellow and white regions indicating high confidence
areas. The image on the right for each measurement represents the shear wave elastography
(SWE) stiffness measurement. The white circle represents the 5mm region of interest (ROI)

corresponding to each stiffness (kPa) measurement.

Supplementary Fig. 2. Additional ECM neoepitopes in follicular fluid and serum by age
group. Bar graphs of additional formation (top) and degradation (bottom) ECM fingerprinting
neoepitopes analyzed in reproductively young (grey; n= 10) compared to old participants (pink;
n=10). Paired follicular fluid (left) and serum (right) was collected from each participant. Each dot

represents a participant. Bars represent mean + SD. Labeled p-values by unpaired t-test.

Supplementary Fig. 3. Stromal cell downregulated GO terms with reproductive age. Top 20
GO biological process terms among downregulated stromal differentially expressed genes
(DEGS) in single cell transcriptomic profiling of ovarian follicular fluid aspirates from reproductively
old (n=5) compared young (n=5) participants. Stromal DEGs with adjusted p<0.0001. Bubble size

represents gene count. Color represents fold enrichment (low to high = yellow to blue).

Supplementary Fig. 4. Cohort 2 demographic information. a, Cohort 2 of continuous age-
distributed participant demographic information (n= 100; 24-45 years old). b, Participants self-
reported racial identity and ethnicity. ¢, Overview of participant indications for seeking fertility
counseling. d, Participants exhibit expected correlations with age and FSH (positive; r= 0.30, p=

0.002), e, AMH (negative; r=-0.29, p= 0.004), and f, AFC (negative; r=-0.36, p <0.001).
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Table 1. Association of age with ovarian stiffness in Cohort 1. Models were fit for the ovarian
stiffness parameter (kPa) as a dependent variable, with age category (reproductively old =37
versus young <33 years), AMH (ng/mL), and BMI (kg/m?) as covariates. Estimates represent

adjusted differences in stiffness (kPa).

Table 2. Association of ovarian stiffness with ART outcomes. Models were fit for the oocyte
or follicular efficiency outcome as the dependent variable with mean ovarian stiffness (kPa), AMH
(ng/mL), and BMI (kg/m?) as covariates. Estimates represent adjusted differences in oocyte or

follicular efficiency parameter.

Table 3. Association of ovarian stiffness with age in Cohort 2. Models were fit for the ovarian
stiffness parameter (kPa) as a dependent variable, with age (years), ovarian volume (mL), AMH
(ng/mL), FSH (ng/mL), BMI (kg/m?), and fertility status (presumed fertile versus infertile) as

covariates. Estimates represent adjusted differences in stiffness (kPa).

Supplementary Table 1. Cohort 1 demographic information. Reproductive young versus old

group analysis by unpaired t-test.

Supplementary Table 2: Custom panel of ECM neoepitope biomarkers.

Supplementary Table 3. Demographic data for participants in Cohort 2 stratified by fertility
status. Participants were categorized as “presumed fertile” or “infertile” based on their clinical
history and reasons for seeking fertility counseling (Methods). Fertility status analysis by unpaired

t-test.
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Figure 1: Ovarian stiffness increases with reproductive aging
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Figure 2. ECM fingerprinting reveals disrupted matrix homeostasis in the aged ovarian microenvironment

a) Schematic representing extracellular matrix (ECM) dynamics d) Comparison of PROC8 and C6M levels in
follicular fluid and serum by age
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Figure 3: Single-cell transcriptomics of follicular fluid reveals widespread age-associated transcriptional reprogramming
a) Workflow of single cell RNA (sc-RNA) sequencing of follicular fluid in Cohort 1
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Figure 4: Aged ovarian stromal cells are enriched for fibroinflammatory and matrisome transcriptional programs

a) Heatmap of fibrosis and matrisome DEGs
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Figure 5: Increased stromal-immune interactions with age suggests fibro-inflammation
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